The dislocation density in ferrite and austenite of a bainitic microstructure obtained by transformation at very low temperature (300 ºC) has been determined using transmission electron microscopy. Observations revealed that bainitic ferrite plates consist of two distinctive regions with different substructures. A central region in the ferrite plate is observed with dislocations that may result from lattice-invariant deformation at the earlier stage of bainite growth. As plastic deformation occurs in the surrounding austenite to accommodate the transformation strain as growth progresses, the Ferrite/Austenite interface has also a very distinctive dislocation profile. In addition, atom-probe tomography suggested that dislocation tangles observed in the vicinity of the ferrite/austenite interface might trap higher amount of carbon than single dislocations inside the bainitic ferrite plate.
Introduction
The relatively high dislocation density associated with bainitic ferrite (α) is often attributed, at least partially, to the accommodation of the shape deformation accompanying the displacive transformation by plastic relaxation. Then the resulting dislocation debris introduced into the austenite (γ) can be inherited by any bainite that forms subsequently [1] . Plastic relaxation may also follow in the bainite itself, as the yield stresses of both ferrite and austenite decrease with increasing transformation temperature. Plastic relaxation of the shape change has been observed experimentally, when prepolished samples of austenite are transformed to bainite, the adjacent austenite surface does not remain planar but, instead, exhibits curvature, which is characteristic of slip deformation [2] . Observations of the transformation using hot-stage transmission electron microscopy (TEM) revealed that the growth of bainite is accompanied by the formation of dislocations in and around the bainite [3] . Direct observations of the austenite/ferrite interface also provide evidence of plastic accommodation in both phases [4] . Sandvik and Nevalainen [5] demonstrated that the austenite adjacent to the bainitic ferrite undergoes twinning deformation and that the density of twins increases as the transformation temperature decreases. It is known that impurities such as phosphorus, calcium and silicon, can segregate to incoherent twin boundaries that have high free volumes [6] [7] [8] . Atom probe tomography (APT), revealed that a substantial quantity of carbon was trapped at dislocations in the vicinity of the ferrite/austenite interface [9] .
Similar accommodation dislocations, with pure-screw characters on (111) γ (011) α , were observed in lath-shaped bainitic ferrite in Fe-0.6C-2Si-1Mn and lath martensite in Fe-20Ni-5.5Mn. However, the glide planes of those dislocations still need to be identified [10] . On the other hand, the characteristic of plastic accommodation in bainitic transformation is not fully understood. In this work, the distribution of dislocations in ferrite and austenite of a bainitic microstructure obtained by transformation at very low temperature (300 ºC) has been examined using TEM. Additionally, carbon segregation at dislocations within bainitic ferrite is determined by APT. The complementary use of both techniques will reveal fundamental aspects of the mechanism of bainite transformation in advanced steels.
Materials and Experimental Procedure
Homogenized specimens of the studied steel, Fe-0.98 wt % C-1.46% Si-1.89% Mn-1.26% Cr-0.26% Mo-0.09% V, were austenitized for 15 min at 1000 ºC, and then isothermally transformed at 300 ºC for 3 days before quenching into water. TEM specimens were electropolished with a twin-jet electropolisher at -5 ºC in a mixture of 5% perchloric acid, 15% glycerol and 80% ethanol at 40 V until perforation occurred. Thin foils were examined in a Philips CM300 TEM at an operating voltage of 300 kV. The local dislocation densities (ρ) in bainitic ferrite and surrounding austenite were measured on dark-field TEM micrographs by an adapted line-intersection analysis [11] and applying the following equation,
where N is the number of intersections with dislocations made by drawing lines of length L on TEM images and parallel to the interfaces and t is the foil thickness determined by the convergent beam electron diffraction (CBED) method [12] . The dislocation density in bainitic ferrite was measured by exciting the reciprocal vector 002 α or 004 α , single vectors that makes all the perfect dislocations in the bcc structure visible. In the face-centered cubic (fcc) structure, it was impossible to observe all of the dislocations with just one reciprocal vector. As an alternative, four reciprocal vectors (220 γ , -220 γ , 200 γ and 020 γ ) were used to observe all of the perfect dislocations in austenite. The summation of dislocation densities measured from the four images of the same area was three times the true dislocation density for dislocations having screw component and four times the true dislocation density for perfect edge dislocations in a fcc crystal. Therefore, the true dislocation density in austenite was estimated as one-third to one-quarter of a sum of the dislocation densities for those four diffracting conditions [13, 14] .
APT specimens were electropolished using the standard double layer and micropolishing methods. Atom probe analyses were performed in the voltage-pulse mode in an Imago Scientific Instruments local electrode atom probe (LEAP® 2017) operated with a specimen temperature of 60 K, a pulse repetition rate of 200 kHz, and a pulse fraction of 0.2.
Results and discussion
TEM images of the studied microstructure consisting of nano-scale plates of bainitic ferrite, separated by carbon-enriched regions of retained austenite, are shown elsewhere [15] . The volume percentage of the austenite was determined to be 47 ± 3 %. The retained austenite is sufficiently enriched with carbon, 1.33 ± 0.12 wt.% according to X-ray diffraction (XRD) analysis, to remain stable during cooling to ambient temperature, thereby avoiding transformation to martensite. Likewise, XRD analysis indicated that the carbon concentration in the bainitic ferrite (0.16 ± 0.04 wt.%) was much higher than that expected from the equilibrium thermodynamics between austenite and ferrite (0.03 wt.% C) [15] . This super-saturation was attributed to the trapping of carbon at the dislocations in the bainitic ferrite. More details on the characterization of this initial microstructure are summarized elsewhere [9] . The TEM micrographs in Fig. 1 show dislocation debris in both the bainitic ferrite and the surrounding austenite. Local dislocation density quantification was performed in eight different bainitic ferrite plates, as those illustrated in Fig. 1 .b, along the intercept lines parallel to the closest austenite/ferrite interface at multiple distances from the interface (five measurements per ferrite Moreover, APT results in Fig. 3 reveal the presence of carbon-enriched regions randomly dispersed throughout the ferrite matrix. These clusters have a maximum carbon content of ~16 at.%, much higher than that detected in dislocations, but with too low chromium and manganese contents (less than 2 at.%) to be identified as carbide particles. These features resemble those carbon clusters with a modulated structure consisting of alternating carbon-rich and carbon-poor bands reported for FeNi-C martensite after natural aging [21, 22] . Pereloma et al. [23] found that the extent of solute segregation to a dislocation depends on its position relative to other defects. The analysed volume in Fig. 4 encompasses a central carbonenriched (10.4 ± 0.6 at. % C) austenite film bounded by 2 bainitic ferrite plates (<3 at. % C) and dislocation tangles in the vicinity of a ferrite-austenite interface at the bottom of the volume and a carbon-enriched (~15 at.% C) cluster at the top of the volume. The lateral extent of the Cottrell atmosphere in the vicinity of a dislocation was estimated to be of ~5 nm. The average carbon level of the Cottrell atmosphere in this example was estimated to be 13.4 ± 0.8 at. % C. APT results suggested that dislocation tangles observed in the vicinity of the ferrite/austenite interface might trap higher amount of carbon than single dislocations inside the bainitic ferrite plate. 
Conclusions
Experimental results on the distribution of dislocation density in the bainitic ferrite plate as a function of the distance to the closest austenite/ferrite interface revealed in some plates a progressive increase in the dislocation density as the interface is approached. Dislocations in the central region of the ferrite plate result from the lattice-invariant deformation at the earlier stage of Solid State Phenomena Vols. 172-174bainite growth, whereas the higher dislocation density in bainitic ferrite at the vicinity of the austenite/ferrite interface is related to the plastic deformation occurring in the surrounding austenite to accommodate the transformation strain as growth progresses and the inheritance of dislocations by the freshly formed bainitic ferrite. In addition, atom-probe tomography suggests that dislocation tangles observed in the vicinity of the ferrite/austenite interface might trap higher amount of carbon than single dislocations inside the baintic ferrite plate.
